I. X-RAY DIFFRACTION
A Bruker D8 Discover X-ray diffractometer equipped with a Cu tube (λ= 1.5406Å) combined with a 40 mm Goebel mirror as well as a 0.2
• equatorial Soller slit mounted to a LynxEye XE energy dispersive linear detector is used to record parallel-beam X-ray diffraction (XRD) data. The energy window of the detector is optimized in such way that Cu-Kβ (and Fe/Co fluorescence) is nearly completely suppressed, making the use of a conventional Ni K-edge filter obsolete. Measurements were performed in two different geometries: a) symmetric scanning (2:1) where the incidence angle equals half of the scattering angle (ω = Θ) and b) grazing-incidence (GI-XRD) where the incidence angle is fixed at ω=2
• . IG. S1. Phase transition of hcp α-Sc metal to fcc β-ScH1.68 dihydride upon hydrogenation of a 150 nm thick Sc film capped with 20 nm Pd on f-SiO2 substrate probed by XRD. Vertical lines correspond to the ICDD-PDF patterns: fcc-ScH2 #00-65-5041 (black) and hcp-Sc #00-65-5711 (red). Only the main lines of the hcp pattern are shown for clarity. The inset shows rocking curves with 2Θ fixed at the main diffraction peaks. FWHM values marked by arrows indicate the degree of out-of-plane texture.
The 2:1 method is more suitable to characterize films with strong out-of-plane texture (e.g. hydrogenated metal dihydrides), whereas GI-XRD generally enhances a) Author to whom correspondence should be addressed. Electronic mail: s.cornelius@tudelft.nl. Tel: +31(0)1527-87391.
the diffraction signal of thin films. Therefore, the latter method is used for most of the reactively sputtered MO x H y layers in this work. Lattice constants were determined from the fcc (111) and/or (200) diffraction peak positions obtained by fitting a constrained double Pseudo-Voigt peak function (to account for the Cu-K α1/2 doublet) to the experimental data. The resulting peak positions were also corrected for instrumental deviations in scattering angle, 2Θ, by measuring a NIST certified SRM-1976b corundum Al 2 O 3 powder standard in the same geometry. Given the large FWHM values of more than 0.5
• in 2Θ observed for the sputtered polycrystalline films in this work, the uncertainty of the lattice constants obtained by this method is estimated to be ±0.01Å. Reference RE dihydrides for RBS and ERD calibration were prepared by hydrogenation of Pd capped metal films. The Pd layer acts as a catalyst promoting the splitting of H 2 molecules as well as an oxidation protection barrier. The parallel-beam 2:1 XRD patterns of Sc, Y and Gd films before and after hydrogenation are shown in Fig. S1 -S3. We find that the as-deposited metal films have hcp crystal structure corresponding to the α-MH x phase, with lattice constants slightly larger than the reference values. This expansion could be due to low concentrations of H present in solid solution. In case of Sc we find about 15 at.% H in the as-deposited metal film (Fig.  2) The data is background subtracted and offset vertically for clarity. Note that the broad peak centered at 2Θ ∼ 22
• is due to scattering by the f-SiO2 substrate. The arrows indicate characteristic superstructure peaks used to identify the bixbyite structure.
We find that all reactively sputtered dihydride and photochromic oxy-hydrides have fcc-structure where the lattice is expanded relative to reference value of the corresponding dihydride (see Tab. S1). The lattice expansion is especially pronounced when comparing the metallic absorbing MH 2 films to the oxygen-poor end (x∼0.5) of the composition range of semiconducting transparent MO x H 3−2x oxy-hydrides. In particular, the lattice constants of photochromic oxy-hydrides as obtained from peak fitting analysis of the data shown in Figures S4-S6 are: ScO x H y : 4.95Å (+1.0 % relative to 4.90Å of Sc dihydride); YO x H y : 5.39Å (+2.7 % relative to 5.25Å of Y dihydride); and GdO x H y : 5.52Å (+2.8 % relative to 5.37Å of Gd dihydride). This suggests lattice expansion due to incorporation of oxide ions into the fcc (dihydride) lattice. Moreover, the lattice constants of the photochromic oxy-hydrides are somewhat larger than the corresponding structure unit of the bixbyite oxides i.e. 1/2 of their lattice constant. These results confirm the general trends in lattice constants of rare-earth based films we have reported earlier.
2
Within the composition range of the photochromic MO x H 3−2x oxy-hydrides we notice a weak trend (in the order of 0.01Å) towards increasing lattice constants with increasing oxide/hydride anion ratio up to an oxygen content of x∼1. However, a more detailed analysis of the correlation between lattice constant and anion ratio is not straightforward (due to other effects such as strain) and beyond the scope of this work. The data is background subtracted and offset vertically for clarity. Note that the broad peak centered at 2Θ ∼ 22
All Sc, Y and Gd based films that were identified by RBS and ERD analysis as hydroxide-like i.e. with com- 3 do not not show any diffraction peaks -even in GI-XRD geometry (not shown). Therefore, these materials are likely (X-ray) amorphous or nano-crystalline. Apparently, the growth conditions during reactive MS do not facilitate crystallization of hydroxide-like RE compounds. Note that the hydroxide region of the ternary composition-phase diagram (Fig. 2) is not a part of the structure model proposed in Fig. 5 . The expected structure for crystalline RE hydroxides is hcp (see Tab. S1). When the O 2 /H 2 reactive gas flow ratio during reactive MS deposition is further increased eventually M 2 O 3 oxide films are obtained. For each rare earth Sc, Y and Gd we successfully prepared bixbyite sesquioxides as shown in Fig. S4 and S5 (red color) . These films do not show texture i.e. all diffraction peaks are visible in the XRD pattern. In contrast, (111) out-of-plane preferred orientation (rocking curve FWHM= 8.7
• ) is observed for Gd 2 O 3 in Fig. S6 , where only the (222) and (444) 
FIG. S6. Comparison of GI-XRD patterns of Gd based films.
From bottom to top: Gd dihydride, oxygen-poor/rich photochromic Gd oxy-hydride and Gd oxide. The Gd2O3 sample was measured in 2:1 mode due to the (111) preferred orientation. Vertical lines correspond to the ICDD-PDF pattern: fcc-GdH2 #00-50-1107. The data is background subtracted and offset vertically for clarity. Note that the broad peak centered at 2Θ ∼ 22
• is due to scattering by the f-SiO2 substrate. A possible explanation for the different growth behavior of Gd 2 O 3 could be bombardment by energetic Ar neutrals reflected from the sputter target surface. The reflection probability and energy of Ar neutrals increases with the target material to Ar atomic mass ratio. Therefore, this effect is expected to be strongest in case of the heavy Gd. Further detailed studies of the reactive MS process are required to investigate the differences in film growth at high O 2 gas flows. Nevertheless, the bixbyite structure is proposed as the oxygen-rich end-member of the structure evolution of the oxy-hydride films as discussed in Fig. 5 . The structural similarity to the fcc unit cell in terms of the diffraction patterns is illustrated in Fig. S7 , showing the correspondence of the main diffraction peaks of both structures using Y as an example. The additional superstructure peaks (marked by arrows in Fig. S4 and S5) can be used to easily identify the bixbyite phase.
II. SCANNING ELECTRON MICROSCOPY
The micro-structure of selected films was studied by scanning electron microscopy (SEM) using a FEI NovaNano SEM in immersion mode, which uses an through-lens detector for secondary electrons (TLD-SE). The working distance was 5 mm. In order to achieve maximum contrast between film and substrate the acceleration voltage is set to 5 kV. For this purpose 300 nm thick films were deposited onto Si(100) substrates (ca. 3 nm native SiO 2 ), sputter coated with 10 nm Au to reduce charging effects, and then broken with the help of a diamond cutter. Cross-section imaging was done in near normal incidence direction to obtain a simultaneous view of the film surface and inner structure. Figure S8 a-c) shows SEM micrographs of a photochromic Y oxy-hydride film with a bandgap of 2.6 eV prepared by air-oxidation of a Y dihydride film grown at 0.5 Pa. This corresponds to the oxygen-poor end of the composition range of the YO x H 3−2x oxy-hydrides. The film consists of columnar domains with a diameter of approximately 50 nm that grow from the substrate throughout the whole film thickness. The surface roughness is mainly determined by the dome-shaped tops of these columns. Such structure is characteristic for sputtered films and stems from nucleation followed by domain growth towards the direction of the incoming particle flux. According to the structure-zone model introduced by Thornton 3 and later refined by Anders 4 the structure of the Y oxy-hydride film can be classified as Zone 1/T. The latter is characterized by sufficient adatom surface diffusion but limited grain boundary diffusion, leading to competitive gain growth of columnar domains. Figure S8 e-g) shows SEM micrographs of a metallic Y dihydride film prepared at 0.3 Pa, i.e. below the critical pressure to form photochromic oxy-hydrides via air oxidation. Also this film shows columnar structure albeit more compact and with a lower surface roughness than the oxy-hydride sample. This structure corresponds to Zone T and indicates a somewhat enhanced adatom mobility probably due to higher kinetic energy of arriving sputtered Y atoms because of decreased Ar scattering. Due to charging effects/image drift we were not able to obtain cross-section SEM images of the insulating Y oxide and hydroxide layers with reasonable quality.
III. ATOMIC FORCE MICROSCOPY
The surface morphology of the films was investigated by atomic force microscopy (AFM) in tapping mode using a NTEGRA setup by NT-MDT Spectrum Instruments equipped with standard Si tip cantilevers (Pointprobe-Plus, PPP-NCHR-50, Nanosensors). Figures S9 and S10 show AFM images of a series of Sc and Y based hydride, photochromic oxy-hydride, oxide and hydroxide-like thin films with a thickness of 150nm. The root mean square (RMS) surface roughness is low and ranges between 1.1 and 5.3 nm. Generally, the surface morphology of all these reactively sputtered samples shows dense randomly packed rounded features which can be identified as the tops of the columnar domains observed by SEM. Therefore, AFM topography line scans can be used to roughly estimate the column diameters. 
IV. ION BEAM ANALYSIS
A main advantage of using 4 He-ERD for quantification of H is the reduced beam damage to the sample, which may result in element loss during the measurement. In contrast to a recent 127 I-ERD study, 5 we did not observe any H loss even after prolonged sample exposure up to 150 µC total beam charge. Together with a large ERD detector solid angle this enables us to obtain ERD spectra with improved counting statistics and eliminates the need for extrapolation of chemical composition to zero beam charge, 5 further improving the accuracy of composition analysis. In the past, the formation of thin (few nm) oxygen-rich surface layers on YO x H y thin films was investigated by neutron reflectometry.
6 Such thin (native) surface oxide layers cannot be resolved by our ion beam methods and do not affect the resulting (bulk) chemical composition of the films.
V. OPTICAL CHARACTERIZATION
Optical transmittance, T (λ) measurements were carried out using a Perkin Elmer Lambda 900 spectrophotometer with a wavelength range of 200-2500nm. Due to the slow acquisition speed of the Lambda 900 (several min per spectrum scan), it was only used for 'static' measurements, i.e. before photo-darkening or after several hours of UV illumination when the saturation contrast is reached. In order to follow the time dependence of the photochromic effect, additional 'dynamic' transmittance measurements were performed using a custom-built optical fiber based spectrometer setup. In essence, it consists of a Quartz-Tungsten-Halogen / Deuterium white light source (DH-2000BAL, Ocean Optics) and a Si-based array spectrometer (HR4000, Ocean Optics) covering a wavelength range of 230 to 1050 nm at an acquisition speed of less than 3s per spectrum. The fast acquisition time is essential to minimize the influence of the optical measurement on the observed photochromic properties. For photo-darkening experiments, low pressure Hg UVlamps (Herolab) with an emission range of 245-400 nm as well as a high intensity LED (λ=385 nm) were used. The absolute UV irradiance was determined using a calibrated USB-2000+ spectrometer (Ocean Optics) with a relative uncertainty of about 10%. Note that the UVirradiance of the Hg UV-lamps is comparable to that of the sun. The integrated irradiance of the standard AM1.5 solar spectrum 7 is 4610 µWcm −2 in the same wavelength range as the Herolab UV lamp. The integrated irradiance of the LED is approximately 152 mWcm −2 at maximum power. The highlighted gray area in Fig. 2 indicates materials that show photochromism (=reversible photo-darkening and bleaching) at room temperature in air upon illumination by any of these light sources. 
VI. ABSORPTION COEFFICIENT AND BAND GAP DETERMINATION
The absorption coefficient, α(λ), was obtained using the expression T (λ)= exp[-α(λ)d]. 8 The film thickness thickness, d, was measured by a profilometer with a relative uncertainty of about ∆d/d=10% for typical film thickness values of a few 150-300 nm. The optical band gap, E g , of the MO x H y films was determined by a linear extrapolation of a plot of (αhν) n vs. photon energy to zero absorption (Tauc plot method). 9, 10 Here, an exponent of n=1/2 (n=2) describes the fundamental optical transition of an indirect (direct) semiconductor. We find that the absorption edges of the rare-earth oxy-hydrides are best described by an exponent of n=1/2 indicating an indirect nature of the optical band gap. Taking into account the uncertainties of the measured absorption coefficient and linear fitting, we estimate an experimental uncertainty of about ∆E g =0.1 eV.
